Defective interfering (DI) RNAs have been isolated from a broad spectrum of animal viruses and have recently been identified in plant virus infections. Because of their ubiquitous nature, DIs are thought to play an important role in virus replication and yields. DI RNAs have now been found in association with a natural isolate of turnip crinkle virus (TCV-B) and are generated de novo after inoculation of turnip with virus derived from cloned transcripts. DI RNA G, naturally found in the TCV-B isolate, is a mosaic molecule with 5' and 3' viral segments and a repeat of 36 nucleotides at the beginning of the 3' segment. The 5'-terminal 21 nucleotides of DI RNA G were not similar to genomic TCV sequences but did resemble sequences found at the 5' end of other small RNAs associated with TCV (satellite RNAs). DI RNA G interferes with the accumulation of TCV genomic RNA and, unlike other DI RNAs, intensifies the symptoms of its helper virus. Infection of turnip with virus derived from cloned transcripts of TCV-B resulted in de novo generation of a DI RNA, DUI RNA. D11 RNA differed from DI RNA G by containing exact 5' and 3' ends of TCV as well as an internal virus segment.
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Defective interfering (DI) RNAs have been found associated with a wide variety of animal viruses. Delineated by Huang and Baltimore (1) , DI RNAs are defective versions of viral RNAs that have lost essential coding sequences required for independent replication, maturation, or packaging. DI RNAs alone are not infectious; to be infectious DI RNAs require a helper virus to restore the deleted functions (2, 3) . DI RNAs often compete with the nondefective virus for limited replication components, resulting in a decrease in the accumulation of helper virus. This interference with viral replication results in protection against viral-induced cytopathic effects in cell culture and in some cases has been implicated in virus disease modulation in whole animals (4) . DI RNAs of animal viruses have also proved to be valuable subjects of study for many other important virological phenomena including the identification of cis-acting sequences important in replication and in encapsidation, fundamental studies on RNA replication and recombination, and use as transient expression vectors in animal cells (3) .
Although DI RNAs are generally considered as ubiquitous components of animal virus infections, they have not been common in plant virus infections (5) (6) (7) (8) (9) . The only DI RNAs associated with an RNA plant virus that have been characterized at the molecular level are the small symptomattenuating RNAs associated with the cherry strain of tomato bushy stunt virus (TBSV) (6) . This 396-base RNA, which is packaged along with TBSV and requires the virus for infectivity, is a mosaic molecule derived from the 5' and 3' ends of the virus and internal viral sequences. Like many animal virus DI RNAs, TBSV DI RNA competes with the helper virus resulting in a reduced level of virus accumulation and a marked attenuation of viral symptoms in infected plants (6) . Evidence supporting the origin of these DI RNAs from the TBSV genome has been demonstrated by high multiplicity passage of a DI RNA-free isolate (ref. 7 and D. A. Knorr and T.J.M., unpublished data). These experiments are consistent with the origin of animal virus DI RNAs studied by high multiplicity passage in animal cell culture. Definitive proof of DI origin from a parental RNA virus genome, however, has not been demonstrated.
Plant RNA viruses are frequently associated with other types of small RNAs that modulate disease symptoms. Satellite RNAs (sat-RNAs) share little or no sequence homology with their helper virus thus differing from DI RNAs (10) . Although many sat-RNAs attenuate symptoms, several examples of sat-RNAs that intensify symptoms have been reported (11, 12) . Turnip crinkle virus (TCV), a singlestranded RNA carmovirus, supports several sat-RNAs, one of which (sat-RNA C) intensifies viral symptoms on a number of hosts (11, 13, 14) . Sat-RNA C (356 bases) is an unusual chimeric molecule composed of two domains: the 5' domain is similar to the full-length sequence of the smaller sat-RNAs and the 3' domain is composed of sequences related to two segments in the 3' region of genomic TCV RNA (13) . We now report the identification of DI RNAs$ in association with an isolate of the virus that does not contain sat-RNA C. The availability of inocula derived from infectious transcripts of a complete clone of the viral genome (15) has permitted definitive demonstration of de novo generation of DI RNAs. Curiously, the DI RNAs also have the unusual ability to intensify symptoms caused by the helper virus.
MATERIALS AND METHODS
Virus Strains and Plant Inoculations. Two well-characterized isolates of TCV used in this study have been maintained as distinct laboratory isolates. One of the isolates, designated TCV-B, was originally acquired from R. J. Shepherd (University of Kentucky) and has been propagated at University of California, Berkeley, for many years in turnip. The complete sequence of this isolate has been determined (16) and infectious transcripts have been produced from complete cDNA clones of the genome (15) . Additional isolates, derived from infectious transcripts of the clones pTCV-P1 (A promoter) and pTCV-Tldl (T7 promoter), have been designated TCV-B-P1 and TCV-B-Tldl, respectively. The second laboratory isolate, which has been used predominantly in the study of the TCV sat-RNAs (11, 13, 14, 17, 18) To test for possible interference with viral replication, DI-RNA G was isolated from viral RNA of TCV-B by fractionation on sucrose density gradients and the quantity of the RNA was estimated spectrophotometrically. The DI RNA G fraction was mixed with in vitro TCV transcripts derived from pTCV-P1 (final concentration, 10 Ag/ml) in approximate molar ratios of 1:1 and 10:1 and diluted with 3 vol of 0.05 M glycine/0.03 M K2HPO4, pH 9.2, containing 1% bentonite and 1% Celite prior to inoculation of alternate half leaves of the local lesion host, Chenopodium amaranticolor, and the systemic hosts Brassica campestris, Arabidopsis thaliana cv. Columbia, turnip cv. Just Right, and Nicotiana benthamiana. Virus content was monitored in inoculated and systemic leaves of plants 7 and 12 days following inoculation after extraction in 0.2 M sodium acetate (pH 5.2) and concentration by PEG precipitation. Virus quantitation was estimated spectrophotometrically and by electrophoretic analysis of virus particles.
Northern Hybridizations. Northern hybridizations were performed as described (13) Cloning and Sequencing of DI RNA G and DI1 RNA. Oligo 8 (1 ,g) was hybridized to -0.5 ,ug of gel-purified DI RNA G or DI1 RNA in 10 ,ul of hybridization buffer (0.4 M NaCl/10 mM Pipes, pH 6.4) at 80°C for 1 min then 75°C for 10 min followed by slow cooling to 60°C. The synthesis of first-and second-strand cDNAs was performed as described (13) . Kpn I linkers were ligated to the double-stranded cDNAs that were then digested with Kpn I and inserted into the Kpn I site of pUC19. cDNA clones corresponding to DI RNA G or DI1 RNA were sequenced by dideoxynucleotide chain-termination (Sequenase; United States Biochemical) using standard sequencing primers (Synthetic Genetics). by the manufacturer. Full-length cDNA was isolated from 5% polyacrylamide/50% (wt/vol) urea gels and sequenced by the chemical modification method (19, 20) .
RESULTS

Identification of Low Molecular Weight RNAs Associated
With the Berkeley Isolate of TCV. Collaborative studies were initiated in an effort to compare the sat-RNAs of Massachusetts and Berkeley isolates of TCV (TCV-M and TCV-B, respectively). Preliminary indications suggested that there were interesting biological differences between the isolates; TCV-B routinely produced less severe symptoms than TCV-M on cruciferous hosts (data not shown). Since the presence of sat-RNA C is correlated with the severe symptoms produced by TCV-M (11, 14, 17) , the possibility existed that the low molecular weight RNAs associated with the isolates might be different. To determine whether or not sat-RNAs are also associated with TCV-B, RNA was isolated from turnip infected with TCV-B and subjected to electrophoresis on denaturing polyacrylamide gels (Fig. 1A) . Two low molecular weight RNAs not found in mock-infected turnip were identified: one RNA comigrated with sat-RNA D and a second RNA had a slightly faster mobility than sat-RNA C. To determine whether or not these two RNAs were related to the similarly sized RNAs from TCV-M, RNAs from TCV-M- and TCV-B-infected plants were transferred to Nytran membranes after electrophoresis on denaturing polyacrylamide gels and then hybridized with either of two probes: a fulllength cDNA of sat-RNA F, which shares substantial sequence similarity with both sat-RNA D and the 5' 200 nucleotides of sat-RNA C (13), or oligo 8, which is completely complementary to the 3' terminal 20 nucleotides of genomic TCV-B RNA but only weakly complementary to the corresponding portion of sat-RNA C (Fig. 1 B and C) . The results of the hybridization analysis indicated that TCV-B contained a sat-RNA D-like RNA and a unique associated RNA that migrated slightly faster than sat-RNA C but did not contain any of the characteristic 5' sat-RNA sequences. Furthermore, the slightly smaller RNA from TCV-B hybridized strongly to oligo 8, implying a 3' sequence more similar to TCV genomic RNA than to sat-RNA C. This RNA was termed RNA G.
RNA G Is Composed of Sequence Derived from Genomic TCV RNA. To determine the sequence of RNA G, cDNA clones were generated using oligo 8 as a primer for firststrand cDNA synthesis. After treatment with RNase H and E. coli DNA polymerase to produce the second DNA strand, linkers were added and the cDNA was cloned into the Kpn I site of the plasmid vector. The sequences of five nearly full-length clones of RNA G cDNA are presented in Fig. 2 terminal two nucleotides could not be determined. The sequence of TCV is from the Berkeley isolate (TCV-B) (16) , and the sequence of sat-RNA C is from the cDNA clone 2-47 (13) . An asterisk (*) indicates the point of divergence between sat-RNA C and RNA G, and only that portion of the sat-RNA C sequence that is similar to RNA G is shown. Base numbering in italics corresponds to TCV (16) . molar ratio of DI RNA G (0.2-0.4 mg of virus per g of tissue) relative to the control (2-4 mg of virus per g of tissue).
DI RNA G Intensifies the Symptoms of TCV. The interference experiments also confirmed earlier observations that clonally pure inoculum resulted in milder infections. We conducted a more extensive series of experiments to confirm that DI RNA G was responsible for the symptom intensification when inoculated in the presence of helper virus. DI RNA G was gel-purified after electrophoresis in denaturing polyacrylamide gels, added to an inoculum containing TCVm+D, then inoculated on turnip or Chinese cabbage. This isolate of TCV was used because of the extensive investigations on the symptom-producing properties of TCV-M (11, 14, 17) . Sat-RNA D was present with the helper virus since it has not been possible to maintain a stock of TCV-M free of this satellite (18) . The results (Fig. 3) showed that addition of DI RNA G correlated with greater symptom production. passages in turnip in the greenhouse. The association of low molecular weight species with the isolate has been long recognized and was assumed to be the sat-RNA C described (11, 13) . The demonstration that the species associated with this isolate was a DI RNA raised the speculation that its origin directly from the helper virus could be demonstrated. To evaluate this possibility, cabbage and mustard plants inoculated with virus derived from the TCV full-length cDNA clone pTCV-P1 (TCV-B-P1) were evaluated for the presence oflow molecular weight RNA inoculated cabbage and mustard plants accumulated new RNAs of 340-390 nucleotides, four representatives of which are shown in Fig. 4 . All of the new RNAs resembled DI RNA G by hybridizing strongly to the TCV-specific probe (oligo 8) and by not hybridizing to the sat-RNA-specific probe (sat-RNA F cDNA) (data not shown). The new RNA species from Fig. 4 , lane 1, was cloned, and the sequence of three cDNAs indicated that the new RNA (DI1 RNA) was a colinear deletion mutant of genomic TCV, containing both the 5' and 3' ends ofTCV as well as one interior segment (Fig. 5) . Unlike DI RNA G, DUI RNA began with the 5' terminal nucleotide of TCV. The sequence of D11 RNA was more similar to genomic sequence than DI RNA G, which has been maintained with the virus after prolonged passage, lending support to the de novo origin of D11 RNA.
Further confirmation of the de novo origin of DI RNAs from cloned inocula was obtained by analyzing RNA present in virus purified from turnip plants several months after inoculation with transcripts derived from pTCV-Tldl. In this experiment, individual virus isolates were examined from turnip plants. In all cases, new RNA species of various sizes (300-440 bases) that strongly hybridized to genomic RNA probes could be identified in the virions (data not shown). These were assumed to be novel DI RNA species similar to DI1 RNA in origin, although confirmatory cloning and sequence analysis has not been performed. These results strongly support the contention that TCV generates DI RNAs de novo from genomic sequence upon replication in cruciferous hosts. and hybridized to oligo 8 (see Fig. 1 ), and then cDNA was generated by extension of the oligonucleotide with reverse transcriptase. Nucleotides following the brackets are the 5' end points ofthe cDNA. The sequence on the 5' side of the brackets was determined using primerextended cDNA as described for DI RNA G. (23) , the group to which TCV belongs. It may be that the ability to generate DI RNAs is a common feature of their member virus replicases. DI RNA G is responsible for intensified symptoms when inoculated with TCV on mustard and other cruciferous hosts. Plants in which the DI RNAs are replicating exhibit increased stunting and leaf crinkling. The TCV-similar domain of sat-RNA C was found to be at least partially responsible for the dark-green severely stunted and crinkled leaves associated with the sat-RNA (17) . DI RNA G also contains this 3' end domain that further suggests that this region is involved in symptom production. The role of DI1 RNA on symptom production has not been extensively investigated. Although DI RNA G is a plant DI RNA that intensifies viral symptoms, defective forms of animal retroviruses are also thought to have a role in pathogenesis (24, 25) . However, defective retroviruses are not simply deleted versions of their helper virus; many have acquired new cellular genes that are implicated in disease production.
